INTRODUCTION
Most coastal species of fishes and invertebrates spawn offshore in shelf waters and early life stages migrate to coastal estuarine nursery grounds. Although little is known about the ecological coupling of estuaries and the coastal ocean, progress has been made in understanding transport mechanisms of important species that connect offshore and coastal grounds (for review see Shanks 1995) . The dominant mechanisms that may yield successful cross-shelf transport include wind-driven Ekman transport, upwelling fronts, moving frontal systems, countercurrents generated by coastal eddies, coastal boundary layers and non-linear internal tides and bores (e.g. Shanks 1995 , 2006 , Pineda 1999 , Epifanio & Garvine ABSTRACT: Transport and behavior of pink shrimp Farfantepenaeus duorarum larvae were investigated on the southwestern Florida (SWF) shelf of the Gulf of Mexico between the Dry Tortugas spawning grounds and Florida Bay nursery grounds. Stratified plankton samples and hydrographic data were collected at 2 h intervals at 3 stations located on a cross-shelf transect. At the Marquesas station, midway between Dry Tortugas and Florida Bay, internal tides were recognized by anomalously cool water, a shallow thermocline with strong density gradients, strong current shear, and a high concentration of pink shrimp larvae at the shallow thermocline. Low Richardson numbers occurred at the pycnocline depth, indicating vertical shear instability and possible turbulent transport from the lower to the upper layer where myses and postlarvae were concentrated. Analysis of vertically stratified plankton suggested that larvae perform vertical migrations and the specific behavior changes ontogenetically; protozoeae were found deeper than myses, and myses deeper than postlarvae. Relative concentrations of protozoea in the upper, middle and bottom layers were consistent with a diel vertical migration, whereas that of postlarvae and myses were consistent with the semidiurnal tides in phase with the flood tide. Postlarvae, the shallowest dwellers that migrate with a semidiurnal periodicity, experienced the largest net onshore flux and larval concentrations were highly correlated with the cross-shelf current. These results provide the first evidence of an onshore tidal transport (a type of selective tidal stream transport, STST), in decapod larvae migrating in continental shelf waters offshore, ca. 100 km from the coast and at a depth of 20 m, while approaching the coastal nursery grounds. Longer time series would be necessary to establish whether internal tides play any role in the larval onshore transport of this species and determine if the STST is the dominant onshore transport mechanism.
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Resale or republication not permitted without written consent of the publisher 2001, Sponaugle et al. 2005) . Another potential mechanism for cross-shelf transport includes tides in association with a vertical movement behavior.
Selective tidal stream transport (STST) is an important mechanism by which planktonic organisms use vertical differences of water velocity in a shear current system to promote transport in an 'appropriate' direction (for review see Forward & Tankersley 2001 , Queiroga & Blanton 2005 . Decapod larvae that spend some portion of their life cycle in estuarine systems use STST to promote transport, resulting in retention, export or reinvasion (Shanks 1995) . The STST has been implicated in transport of larvae and postlarvae entering coastal nursery grounds, but not in cross-shelf transport on shelf waters. A STST has been identified in postlarvae of penaeid shrimps including the pink shrimp Farfantepenaeus duorarum (i.e. Rothlisberg et al. 1996 , Criales et al. 2006 , crab megalopae (for review see Forward & Tankersley 2001 , Queiroga & Blanton 2005 and estuarine fish larvae (i.e. Rowe & Epifanio 1994) . In order to immigrate to or remain within the estuary, planktonic larvae need to have some kind of behavioral adaptation to overcome the opposite flux of the water associated with the tide. A growing body of laboratory and field observations suggests that vertical displacements are not a passive phenomenon, but that larval behavior indeed influences this process (e.g. Forward et al. 2003) . Environmental factors involved in controlling the vertical migrations are light, pressure and gravity (e.g Sulkin 1984) , but salinity, temperature and turbulence also affect behavior (e.g Welch & Forward 2001) . Most of these factors change cyclically, and larvae respond with cyclical vertical movements.
The pink shrimp is an important species in southern Florida; it supports the multimillion dollar Tortugas fishery on the southwestern Florida (SWF) shelf in the vicinity of Dry Tortugas and Key West and serves as an important prey species in Florida Bay, the principal inshore nursery habitat (Browder et al. 2002) (Fig. 1) . As with most coastal-estuarine species, the spawning and nursery grounds of the pink shrimp in Florida are spatially separated. Spawning areas are northeast of the Dry Tortugas and juveniles occupy nursery grounds in Florida Bay about 150 km to the east-northeast (Roberts 1986 ). Larval development is rapid, passing through 5 nauplii, 3 protozoeae, and 3 myses in about 15 d (Dobkin 1961) , and 3 to 6 additional planktonic postlarval stages in another 15 d (Ewald 1965) . Two main pathways have been hypothesized for pink shrimp larvae migrating from Dry Tortugas to Florida Bay: (1) larvae drift south-southeast downstream with the Florida Current front and enter Florida Bay through the tidal inlets of the middle Florida Keys (Munro et al. 1968 , Criales et al. 2003 ; and (2) larvae move northeast across the SWF shelf and enter Florida Bay at its northwestern boundary (Jones et al. 1970 , Criales et al. 2006 . Transport via Florida Current -Florida Keys inlets was, until recently, the most widely recognized larval route because Ekman transport generated by winds and coastal countercurrent flow generated by cyclonic eddies may provide favorable onshore transport mechanisms along the Florida Keys coast (Lee & Williams 1999 , Yeung et al. 2001 . Nevertheless, recent results from a comparative study on these 2 migration pathways indicated that the greatest postlarval influx (> 70%) occurred at the northwestern border of Florida Bay, suggesting a viable east -northeast transport across the SWF shelf (Criales et al. 2006) . Florida Bay lies at the southern end of the Florida peninsula and its western border connects directly with the inner SWF shelf.
Winds in southern Florida are seasonal; weak winds primarily from the southeast dominate in summer, stronger winds from the northeast in the fall, and moderate to strong winds from the east to northeast in the winter and spring (Lee & Williams 1999) . The ocean circulation around the Dry Tortugas is highly dynamic and is affected by the interaction of the Loop-Florida Current system and warm core (anticyclonic) and cool core (cyclonic) eddies, common phenomena associated with the Loop Current front (Fratantoni et al. 1998) .
Interactions with the Loop Current on the SWF shelf are sporadic and eddies may not play a major role in dispersal of pink shrimp larvae because eddies usually form southwest of the Dry Tortugas (Lee et al. 1994) and the principal nursery ground is northeast of the Dry Tortugas. Circulation on the SWF shelf is forced mainly by tidal currents, winds and buoyancy fluxes (Weisberg et al. 1996) . Tidal currents are strong in the cross-shelf direction; in contrast, subtidal flows are weak and mainly along-shore as a direct response to wind events (Lee et al. 2002) . Tides on the SWF shelf are mixed with contributions from both diurnal and semidiurnal components (Smith 2000) . Freshwater discharges from the Shark River affect a broad area of the SWF shelf (Lee et al. 2002) . Vertical stratification of the water column occurs in spring and summer as a response to variations in wind-mixing, heating and river runoff (He & Weisberg 2002) . Simulations of transport derived from a Lagrangian (horizontal) model coupled with larval vertical behaviors identified STST as a viable transport mechanism for pink shrimp larvae across the SWF shelf (Criales et al. 2006) . Planktonic stages, which migrate vertically to position themselves near the surface during the flood tide, could consistently travel between 100 and 200 km in 30 d across the wide SWF shelf, and hypothetically 85% of the population could travel 150 km. With this mechanism planktonic stages take advantage of the strong eastward surface flow that dominates the SWF Shelf. A STST behavior previously has been identified in pink shrimp postlarvae entering estuarine nursery grounds, but not in earlier stages during their onshore migration across the shelf. Other potential mechanisms of cross-shelf transport on the SWF shelf, such as non-linear internal waves and bores, Ekman transport or coastal boundary layers, have not been identified. Which of these mechanisms, if any, occur on the SWF shelf and transport larvae to near-shore areas is unknown. It also is unclear if similar mechanisms regulate transport throughout the journey from offshore spawning areas to estuaries or if estuarine ingress of coastal organisms is more than a single stage process. This research was conducted to determine (1) potential transport mechanisms on the SWF shelf, (2) behavior of early planktonic stages during their migration across the SWF shelf and possible environmental cues associated with the behavior, and (3) implications of behavioral patterns for transport.
MATERIALS AND METHODS
Field sampling. Three stations on the SWF shelf, separated from each other by 60 km, were sampled along a cross-shelf transect between the Dry Tortugas and Florida Bay, on board the RV 'Gandy' on July 2-5, 2004 (Fig. 1) . The Dry Tortugas (DT) station, the farthest offshore, was selected for its proximity to the known spawning grounds of pink shrimp (Jones et al. 1970 , Roberts 1986 ) about 30 km northeast of the Dry Tortugas at a depth of 30 m. The Marquesas (MQ) station was 30 km north of Marquesas at a depth of 20 m, and the onshore (ON) station was about 40 km southwest of Cape Sable on the western border of Florida Bay at a depth of 10 m. Sampling was conducted during the full moon in accordance with previous results that showed the highest spawning activity of pink shrimp females occurred between the full and last quarter moon (Munro et al. 1968) . A 300 kHz bottom mounted Workhorse Acoustic Doppler current profiler (ADCP) was deployed at the DT and MQ stations at depths of 30 and 20 m, respectively, to measure currents with vertical bin sizes of 1 m.
At each station stratified plankton samples were collected at 3 fixed depths with a 1 m 2 Tucker trawl net (333 µm mesh). The Tucker trawl net was equipped with 3 nets towed at a speed of 1.5 to 2.5 knots (0.8-1.3 m s Samples were collected at each station at 2 h intervals. At the DT and MQ stations samples were collected for 24 h, and at the ON station for 14 h. Plankton sampling at the DT station began at 12:00 h on July 2 and continued until 10:00 h on July 3, 2004, at MQ station from 17:00 h on July 3 to 15:00 h on July 4, 2004 and at the ON station from 19:00 h on July 4 to 07:00 h on July 5, 2004. The day-night cycle in July in southern Florida is 14 h light/10 h dark, so 7 samples were collected during the daylight and 5 in the dark at DT and MQ stations and 2 samples during the daylight and 5 in the dark at ON station. Water column temperature and conductivity were measured with a Seabird SBE-25 CTD calibrated within 2 mo before use. The CTD casts were conducted immediately after each plankton tow from near the surface to within 2 m of the bottom. Salinity and density were computed from the conductivity, depth and temperature readings.
Physical data analysis. The ADCP time series at 5 min intervals were smoothed with a low-pass filter. Hourly averaged wind speed and direction data were obtained from the Dry Tortugas-C-MAN station and data were smoothed with a 3 h and 24 h low-pass filter. Hourly tidal currents for the ON station were estimated using predicted tides software (Tides & Currents 1999, Nobeltec Nautical). Current and wind vectors were resolved into cross-shelf, u = east (+) and west (-), and along-shore v = north (+) and south (-) components, with no rotation to maintain a proper orientation to the coast. The x-component represented flood and ebb current with flood defined as positive values and ebb negative.
Wind vectors were converted to wind stress (the force applied to the sea surface by the wind) calculated as:
( 1) where τ x,y correspond to the cross-shelf and along shore wind stress (dynes cm -2 ), respectively, ρ a is air density (1.3 × 10 -3 g cm
is wind velocity vector and u is cross-shore and ν along-shore wind components.
At the MQ station, vertical density gradients, current shear and Richardson numbers (Ri) were calculated from the 24 h time series. Richardson numbers, which are indicators of vertical turbulent mixing, are indicative of exchange between layers. For this calculation, density gradients and gravity act as stabilizing factors, and the current shear acts as the destabilizing factor (Baines 1986 ). The ratio between these 2 effects (gradient) is called the Richardson number, which is a dimensionless measure given by: (2) where g = gravity acceleration 9.8 m s ), Δρ/Δz = density gradient at 1 m depth interval, Δu(v)/Δz = current shear (cross-shore and alongshore) at 1 m depth interval. If Ri falls below 1 ⁄ 4 , the current shear is relatively strong, and stratification is relatively weak. When this happens the water column is unstable; billows form and produce turbulent rotors, wherein the fluid from one layer gets mixed into the other layer.
Larval data analysis. Pink shrimp larvae were sorted, identified and classified into the 3 main planktonic stages: protozoeae, myses and postlarvae (Dobkin 1961) . The number of larvae at each depth ) was used to compare catches of larvae among stations: (3) where A is the larval abundance, i is net 1, 2, 3 fished during a tow, N i is the number of larvae in net i, D i is the depth interval sampled by net i, V i is the volume of water filtered by net i.
Larval concentrations were log-transformed [ln (x + 1)] and tested for normality (Shapiro-Wilks) and homogeneity of variance (Barlett's test). A 3-way ANOVA for each life stage was conducted on the dataset of natural log-transformed concentrations. Factors analyzed were depth (three levels = surface, middle and bottom layer), light (two levels = light [daytime] and no light [nighttime]), and tidal phase (two levels = ebb and flood). Residuals from the ANOVAs were tested for significant autocorrelation using the 'acf' function of S-PLUS. Then the original input data for the ANOVA was filtered to remove the autocorrelation (Emery & Thomson 1997) and the ANOVA was repeated using the filtered data as input. Filtering was accomplished by auto-regression. The filtered dataset consisted of the residuals of the auto-regression, which contained all information in the original data except the autocorrelation that was removed. Our ANOVA design was unbalanced; thus, the type III sum of squares was computed for determining significance (Underwood 1981) .
The weighted mean depth (WMD) of the larvae for profile (i) was calculated at the MQ station to inspect the variation of the vertical position of larvae in the water column and identify the type of temporal pattern (diurnal or semidiurnal variation): (4) N d is the concentration of larvae at specific depth; D z is the mean depth of sampling. A mean WMD was calculated for each larval stage.
To evaluate the physical factors that most influenced larval concentrations at each profile we used a stepwise multiple regression model. The predictive variables used in the model were wind stress (τ x, τ y ), crossshelf and along-shore currents, mean water temperature, salinity, density and turbulence as indicated by Richardson numbers (Ri).
The instantaneous larval flux (LF id ) (larvae m -2 s -1 ) was calculated for each larval stage to understand how larvae were transported. Onshore transport depends on the quantity of organisms present in a given water parcel and the magnitude and direction of the flow to which they are subjected (Yannicelli et al. 2006) . The LF was defined as the product of the instantaneous 
The larval velocity relative to the water column (relative larval velocity) provides a quantification to understand whether LF results from net gain or loss velocity (Rowe & Epifanio 1994) . For each profile the vertically integrated larval velocity (LV i ) in m s -1 was calculated by:
The east to west water velocity (U 5-10-15 ) was averaged (AV i ) at each profile. The difference between the larval velocity (LV i ) and average water velocity (AV i ) resulted in the relative larval velocity (RLV i ). If water velocity at any given time differs among depths, larvae may gain or lose velocity by concentrating at the bottom, middle or surface layers (Queiroga et al. 1997) . This simple larval model takes into account the vertical migration of larvae in a stratified water column. However the model did not considerer the shear in the tidal velocity, and the vertical distribution of larvae was represented at only 3 points or depths.
RESULTS

Hydrographic features
Dry Tortugas station (DT) -Vertical stratification
Time-depth series of temperature at the DT station located at a depth of 30 m indicated strong stratification. A sharp and relatively deep thermocline was located between 15 and 22 m ( Fig. 2A ). Above and below the thermocline the variations of temperature were minimal, ca. 29.5°C in the upper layer and ca. 25°C in the lower layer. Salinity and density had a similar pattern with high gradients between 15 and 22 m (Fig. 2B,C) . Time series of current components (u and ν) did not indicate changes in direction or speed throughout the water column (Fig. 3) . Cross-shelf currents were higher in magnitude (from + 40 to -60 cm s -1 ) than along-shore currents (+ 30 to -40 cm s -). Cross-shelf currents in the upper layer (3 to 8 m) were only slightly stronger than near-bottom (20 to 25 m) currents. Cross-shore and along-shore current data indicated the presence of mixed tides. In the cross-shelf, semidiurnal periodicity was evident with changes of current direction about every 6 h, and in the alongshore, currents showed a diurnal periodicity with a northward flow centered in the middle of the night.
Marquesas station (MQ) -Internal tides
Time-depth series of temperature at the MQ station located at a depth of 20 m revealed a shallow thermocline located in the upper layer (Fig. 2D) . The thermocline, halocline and pycnocline were located in the upper 8 m. Temperature and salinity data indicated that the depth of the thermocline and pycnocline moved up and down with the warmest isotherm (27.8°C) and freshest isohaline (36.24) intersecting at the sea surface at periodic intervals (Fig. 2E,F) . These oscillations occurred about every 12 h in synchronization with the frequency of semidiurnal tides. Water temperature was stratified vertically; in the upper layer the mean temperature was 27.5°C, in the middle-layer 25.6°C and in the lower layer 25.3°C. The mean salinity in the upper layer was 36.27, in the middle-layer 36.36, and in the lower layer 36.35. Time series of currents indicated a similar speed and direction in both components (Fig. 4) . The cross-shelf component had a semidiurnal periodicity, with a strong eastward flow occurring in the middle of the night and another in the middle of the day. A northward flow in the along-shore current occurred approximately every 12 h.
Time-depth series of density, current shear, and Richardson numbers (Ri) were constructed at 1 m depth intervals for the MQ station (Figs. 5 & 6) . Time series of density indicated a marked stratification in the upper 10 m of depth with periodical oscillations (Fig. 5C ). Current shear showed high values between 4 and 8 m in both along-shore and cross-shelf components (Fig. 5A,B) . Average shear in the along-shore component at 5 and 6 m depth was slightly larger than in the crossshelf component (Fig. 6B) . Ri numbers throughout the entire water column were low (0.1 to 1.8) indicating instability in the water column that enhances turbulent vertical mixing. The highest Ri numbers occurred at the pycnocline depth and the lowest occurred sporadically above and below the pycnocline, in the wind-mixed layer and the bottom tide-mixed layer respectively (Figs. 5D & 6C) . Interestingly, low Ri numbers at the shallowest depth occurred during daylight hours, which coincided with the largest concentration of pink shrimp postlarvae in the upper layer (see Fig. 10 ).
Time series of average temperature and sea surface temperature at the DT (first 24 h) and MQ stations (last 24 h) revealed that the temperature was about 2°C lower at the MQ station (Fig. 7B) . Similar results appeared at the temperature contours across the transect where the 27°C isotherm, which was located at about 20 m at the DT station, was near the surface at the MQ station (Fig. 8) . Prevailing atmospheric conditions before and during the sampling period were relatively calm with weak east-southeasterly winds (Fig. 7C,D , respectively. This result is consistent with the winds reported for the SWF shelf in summer (Yang & Weisberg 1999 ). On July 4 the alongshore wind stress intensified and changed direction for a few hours, but with no effect on surface currents or water temperature (Fig. 7A,C) .
Mean abundances of combined pink shrimp larval stages (protozoea, myses and postlarvae) across the offshore-onshore transect indicated that larvae were concentrated at the shallow thermocline at the MQ station (Fig. 8) . Larval abundances at the MQ station were about 8 times higher than those at DT station. Abundances of other decapod larvae and zooplankton biomasses were also concentrated at the shallow thermocline at MQ (M. Criales et al. unpubl.) . In summary, the anomalously cool waters at the MQ station, the shallow thermocline with strong stratification and high frequency motions, and the high concentration of pink shrimp and other decapod larvae in the shallow thermocline are strong evidence of the presence of internal tides. The strong vertical shear in a weak and unstable stratified water column may provide the physical mechanisms to transport larvae from the lower layer to the upper layer, concentrating larvae at the shallow thermocline.
Onshore station (ON) -Vertical homogeneity
The ON station was located on the inner shelf at a water depth of 10 m. Time series of temperature, salinity and density indicated that the water column was vertically homogeneous ( Fig. 2G-I) . The temperature decreased progressively (30.7 to 30.5°C) during the night hours. Tidal currents continuously increased in speed from 21:00 h on July 4 to about 01:00 h on July 5 (flood tide) and continuously decreased from 01:00 h to 07:00 h (ebb tide) (see Fig. 13 ). Salinity and density also reflected the tidal pattern and increased during the ) and (C) Richardson numbers, calculated every 1 m of depth at the MQ station, July [3] [4] 2004 first 6 h of flood and decreased during the next 6 h of ebb tide (Fig. 2H,I ). Salinity increased from 36.1 to 36.26 during the flood tide and decreased from 36.26 to 36.20 during the ebb tide.
Larval concentrations and distributions
Concentrations of pink shrimp larvae at the DT station were low at all depths sampled (Fig. 9) . Young protozoeae were the most abundant stages present (mean ± SD, 2.8 ± 5.3 larvae × 10 3 m -3
); followed by myses (1.5 ± 1.4 larvae × 10 3 m -3
) and postlarvae (0.6 ± 1.0 postlarvae × 10 3 m -3
). Protozoeae and myses had a similar distribution, which occurred for several hours at night and to a lesser extent (a few larvae) at mid-day. Postlarvae were observed only during the dark hours of the night. A typical diel vertical migration (DVM) was not observed for any larval stage. Day/night differences were significant for protozoeae and postlarvae (Table 1 ), but differences among depths were not significant for any larval stage. The majority of protozoeae were located at the deepest layer and a few moved up above the strong thermocline. Myses and postlarvae were higher in the water column than protozoeae, but they were indiscriminately distributed in the 3 depth strata. Time series of protozoeae, myses and postlarvae did not suggest a periodicity with tides. The number of larvae collected at the flood tide was slightly higher than at ebb tide, but these differences did not have any significant effect on the vertical distribution of pink shrimp larvae at this station. Since larval concentrations at the DT station were low (about 1/7 that at the MQ station), no further statistical analyses were conducted.
Distribution patterns and concentrations of pink shrimp larvae at the MQ station were different from those at the DT station. Myses were the most abundant larval stages present (27.6 ± 12.3 larvae × 10 3 m -3
, 42.1%), followed by protozoeae (22.1 ± 14.3 larvae × 10 among stages: 8.1 ± 2.3 m for protozoeae, 5.9 ± 1.4 m for myses and 3.8 ± 1.2 m for postlarvae (Fig. 11C ). Larval stages also showed marked differences in periodicities. A DVM was evident for protozoeae, which were concentrated at the deepest water layer during the day and at the upper layer during the night. The mean ± SD WMD for protozoeae was 9.3 ± 1.4 m during the day and 6.5 ± 2.5 m during the night. Tides did not have a significant effect on the vertical distribution of protozoeae, although the highest concentrations occurred during the nocturnal flood tide. ANOVA results did not show any significant effect of light, depth or tides on concentrations of protozoeae, but the interaction of light × depth was significant (Table 2) . Postlarvae were concentrated at the upper layer in 2 large peaks of similar magnitude occurring with a periodicity in phase with the known semidiurnal periodicity of the tidal currents (Figs. 10 & 11) . One larval peak occurred in the middle of the night and the other in the middle of the day, both at the end of the flood tide (Fig. 12) . The largest peak of postlarvae occurred during the daytime hours. ANOVA results indicated that light, depth and tidal phase had a significant effect on the vertical distribution of postlarvae ( Table 2) ) at each profile every 2 h, (B) larval concentrations (labelled circles) at 5, 15 and 25 m depths superimposed on temperature contours. Larval concentrations ranged from 1.0 to 30.1 for protozoeae, 1.2 to 10.3 for myses and 1.2 to 4.5 for postlarvae; # = no larvae. Temperature ranged from 24 to 30°C. Dark bars along bottom are hours of darkness were concentrated in the upper layers during the daylight tidal peak, but were found also at middle and deep layer during the nocturnal tidal peak (Fig. 11C) . The 2 peaks of myses in the upper layer were separated by 12 h, as with the postlarvae. Flood tide concentrations were higher than ebb tide concentrations and were of similar magnitude for both daytime and nighttime flood tides (Fig. 12) . ANOVA results yielded significant differences in mysis distributions by depth strata (Table 2) . Only postlarval stages were collected at the ON station. Postlarvae were evenly distributed across the 3 depth strata (Fig. 13) . The mean number ± SD of postlarvae at the deepest (10 m) layer was 19.5 ± 12.1 postlarvae × 10 3 m -3
, at the middle water layer (5 m) was 25.4 ± 14 postlarvae × 10 3 m -3
, and at the upper layer (3 m) was 18.2 ± 13.2 postlarvae × 10 3 m -3
. Differences among depths were not significant (ANOVA, F = 0.6052, p > 0.05). Concentrations of postlarvae were low at the beginning of the night, increased progressively during the night and reached their maximum between 23:00 and 01:00 h to start decreasing again progressively through the end of sampling early in the morning. This distribution of postlarvae resembled the tidal pattern, which reached its maximum flood tide at around 01:00 h and its minimum ebb tide at around 07:00 h (Fig. 13) . More postlarvae were caught during the nocturnal flood tide than were caught during the nocturnal ebb tide, but differences were not significant (ANOVA, F = 0.07, p > 0.05), and probably due to the small number of samples. ). Larval concentrations ranged from 2.6 to 98 for protozoeae, 13.9 to 257.9 for myses and 2.5 to 138.3 for postlarvae, # = no larvae. Bars on the top indicate the hours of ebb (empty) versus flood (dark); bars on the bottom represent hours of light (empty) versus darkness (dark)
Larval fluxes and onshore transport
At the MQ station high concentrations of larvae were observed during the flood tide (Fig. 11A,B) , and computed instantaneous fluxes of the 3 larval stages indicated a greater influx during flood tides than during ebb tides (Fig. 11E) . The larval position in the water column affected the magnitude of transport; larvae with shallower distributions were influenced by a positive relative current and a consequent onshore flux. Protozoeae that remained deeper for a longer duration (daytime hours) and occurred near the surface during ), (B) current velocity at 5 m of depth with respective larval concentrations, (C) weighted mean depths (WMD), (D) mean larval and mean water column velocity, (E) larval flux. For (B), (D) and (E) positive values are eastward (flood tidal current, F) and onshore, and negative values are westward (ebb tidal current, E) and offshore. Dark bars along bottom represent hours of darkness. Vel.: velocity the nocturnal flood experienced an offshore flow during the day and a shoreward flow during the night (Fig. 11A-E ). Myses and postlarvae that appeared in the surface layer during both observed flood periods (day and night) experienced a net onshore flow during the flooding tide. Postlarvae, the shallowest dwellers, migrated up and down with a semidiurnal tidal periodicity and experienced on average the largest net onshore flux during the 24 h of sampling ( Fig. 11C-E) . Time series of instantaneous larval fluxes were sufficient in length to suggest that the temporal changes in vertical distributions of larvae greatly influenced their cross-shelf transport. Larval velocities calculated for each larval stage were compared with the mean east -west water velocity at the 3 depths of each profile (Fig. 11D) . Larval velocity and water velocity curves showed similar shape and magnitude for all 3 larval stages. Larval velocities were greater than average water velocity during the flood periods, meaning that larvae were not passively transported during this period. These differences during flood periods were larger for postlarvae (25.4 ± 7 cm s -1
), followed by protozoeae (20.8 ± 10.4 cm s -1 ) and myses (12.5 ± 8.1 cm s -1 ). These results were consistent with the largest vertical displacement to surface waters, which was performed by postlarvae during the flood tides.
Myses and postlarvae together comprised about 77% of the total larval concentrations at the MQ station. The 2 peaks of myses and postlarvae at the surface layer occurred in phase with the tidal currents at the end of the 2 flood tides when strong density gradients were detected (Fig. 10) . A stepwise multiple regression model conducted to evaluate the predicted variables that most influence larval concentrations indicated that the mean cross-shelf current (east -west) was highly correlated with larval concentrations (Table 3 ). This result is consistent with the above findings of cross-shelf transport synchronized with tidal currents. The second variable selected by the model was the mean water temperature, but the correlation was not significant.
DISCUSSION
Summer spawning migration
Abundances of pink shrimp larvae at the DT station were low at all depths sampled. In contrast, abundances were about 7 times higher at the MQ than at the DT station. Previous studies on pink shrimp fecundity, planktonic stage distributions, and length frequencies from fishery data indicated that pink shrimp females spawn northeast of the Dry Tortugas (e.g. Munro et al. 1968 , Roberts 1986 ). Early research also indicated that during summer months females moved into shallow waters to spawn, but the proximity to the coast of the summer migration path has not been well established (Munro et al. 1968 , Jones et al. 1970 . Maps of the larval distribution from this earlier research indicated that during summer the highest concentrations of protozoeae occurred about 30 km northeast of the Dry Tortugas at a water depth of 30 m. This location was selected as the DT station. It was hypothesized that the summer shift may occur as a spawner avoidance response to cool bottom water temperatures associated with the vertical stratification at this time of the year (Munro et al. 1968 , Jones et al. 1970 ; however, this hypothesis was not tested. Similar shoreward spawning migrations have been reported for other penaeid species, but the factors inducing this migration have not been determined (for review see Dall et al. 1990 ). The water column at the DT station was vertically stratified with a strong and deep thermocline located between 15 and 22 m of depth ( Fig. 2A) . Below the thermocline the water temperature was 25°C, a low temperature for spawning of tropical penaeid shrimps, which prefer to spawn at temperatures between 27°C and 29°C (e.g. Wenner et al. 2005) . Accordingly, the low concentrations of pink shrimp larvae found at the DT station may be related to the low temperatures registered at the depth where previous authors have suggested that spawning should occur. However, the center of spawning may have shifted farther onshore at depths shallower than 30 m between Dry Tortugas and Marquesas. This spawning location is supported by the high concentration of pink shrimp protozoeae found near Marquesas at 20 m in this research and by Munro et al.'s (1968) findings on a 1964 cruise, in which the highest concentrations of pink shrimp protozoeae were immediately north and south of the Marquesas. A complete study of the reproductive dynamics of pink shrimp together with a Lagrangian transport model would help to determine the precise location of the spawning grounds, seasonality and factors that induce spawning and influence the migration of this important species.
Internal tides
The water temperature at the MQ station, which is about 60 km closer to shore than the Dry Tortugas, was about 2°C cooler than at the DT station (Figs. 7 & 8) . Coldwater anomalies often occur as a result of upwelling favorable winds (Weisberg et al. 1996) , cyclonic gyre circulation (Lee et al. 2002) , internal tides (Baines 1986) or internal bores (Leichter et al. 1996) . Winds during the sampling period were weak and mainly from the eastsoutheast, which did not favor coastal upwelling, and were consistent with the winds reported for the SWF shelf in summer (Yang & Weisberg 1999) . Cyclonic gyres are common features formed southwest of the Dry Tortugas (Lee et al. 1994) , which can propagate downstream as transient coastal eddies along the edge of the Florida Keys shelf (Fratantoni et al. 1998 ). There are no reports of eddies moving eastward on the shallow SWF shelf in the proximity of the Marquesas, and our current data at DT did not show indications of eddy circulation. Cool anomalies at MQ do not seem to be related to either wind effects or the cyclonic circulation of eddies. On the other hand, tidal currents at MQ were strong and the water column was vertically stratified (Figs. 2A-C & 3) . The interaction between tidal currents and bottom topography in a stratified water column often results in internal tides (Vlasenko et al. 2005) . At slack, internal tides are re- leased and progress toward the coast. If the internal tide is large enough it will eventually become asymmetrical forming internal bores and break. These internal bores propagate onshore along the thermocline affecting coastal seawater temperatures (Leichter et al. 1996 , Pineda & Lopez 2002 . At the MQ station the water column was vertically stratified with a shallow thermocline and semidiurnal-like variations of the thermocline depth and strong density gradients (Figs. 2D-F & 5) . At the depth of the pycnocline Ri numbers indicated shear instability, which favors turbulent vertical mixing. All these hydrodynamic conditions are strong indications of internal tides; however, our data are insufficient to prove the presence of internal bores. This is the first study to report evidence for internal tides on the SWF shelf. Along the Florida Keys shelf internal bores have been observed as near-bottom shoreward intrusions propagating along the thermocline at depths of 30 m during late spring and summer (Leichter et al. 1996 (Leichter et al. , 1998 . Several studies have reported high concentrations of plankton and larvae associated with internal tides and bores suggesting that these baroclinic motions may concentrate particles by their convergence currents (e.g. Shanks 1983 , Witman et al. 1993 . Concentrations of planktonic organisms in slicks, the ocean's visible surface manifestation of internal tides, were up to 300 times greater than concentrations outside the slicks in California waters when the slicks were oriented parallel to the coast (Shanks 1988) . Those slicks most probably corresponded to the trailing side of the crest of the high frequency internal motions (Pineda 1999) . Thin zooplankton layers, other features associated with internal tides, held intensive aggregations of plankton, marine snow, viruses and bacteria at the depth of the pycnocline in California waters (McManus et al. 2005) . The predominant organisms found in these thin layers were mysids and euphasiids, planktonic crustaceans with elongate shapes that resemble in shape and size myses and postlarvae of penaeid shrimps. In the present study myses and postlarvae of pink shrimp were concentrated at the shallow thermocline at the MQ station during the presence of internal tides. The vertical turbulent mixing associated with the strong shear at the depth of the pycnocline may contribute to bringing larvae from the lower layer to the upper layer, assisted by a behavioral response of larvae to the environmental changes.
Onshore transport involving internal tides and bores has been demonstrated for neustonic larvae (e.g. Shanks 1983 Shanks , 1988 Shanks , 1998 and for larvae residing between near-bottom and the thermocline, which are transported in a sequence of phases (Pineda 1991 (Pineda , 1999 . The mechanisms involved in the onshore transport are complex, but progress has been made in the past 2 decades in understanding these mechanisms (Shanks 1983 , 1988 , 1998 , Pineda 1991 , 1994 , 1999 , Leichter et al. 1996 , 1998 . The presence of internal tides at MQ may indicate a potential cross-shelf transport opportunity for planktonic organisms on the inner SWF shelf. Longer time-depth series at a higher frequency of sampling and at several locations will be necessary to establish whether nonlinear dynamics (e.g. a large amplitude relative to the horizontal wavelength) characteristic of internal tidal bores prevail on some portions of the SWF shelf and contribute to the cross-shelf transport of planktonic organisms, including pink shrimp larvae.
Onshore transport mechanisms and behavior
A diel vertical migration (DVM) has been demonstrated for planktonic stages (protozoeae, myses and postlarvae) of penaeid shrimps, including the pink shrimp, during their onshore migration to the nursery grounds (e.g. Jones et al. 1970 , Rothlisberg 1982 , but the estimated onshore displacement with a DVM is only a few kilometers, which does not account for the more than 100 km that penaeid larvae have to travel to reach their nursery grounds (Rothlisberg et al. 1995) . A more prolonged onshore transport can occur in association with DVM if the DVM periodicity (i.e. phase and duration) exactly matches the tidal period (semidiurnal tidal components S 2 , K 2 , M 2 ) (Hill 1991 , Smith & Stoner 1993 . These conditions may produce an annual tidal coastward transport, which reach up to 70 km on the SWF shelf during summer months (Criales et al. 2005) . Also, at the entrance to the nursery grounds postlarvae synchronize their vertical migration with the tidal currents, a type of STST that enhances onshore transport (e.g. Rothlisberg et al. 1995 , Criales et al. 2006 .
Results of this study indicated that pink shrimp larvae perform ontogenetic vertical migrations, in which depths of occupancy of the water column change with development; protozoeae were found deeper than myses, and myses deeper than postlarvae. Results also indicated that the youngest protozoeae performed a DVM, while myses and postlarvae occurred at the upper layer in 2 large peaks, day and night, in phase with the flood tides (Figs. 10 & 11) . Such a change of behavior from diurnal to semidiurnal began at the myses stages, which is much earlier in development than previously reported. Larval stages that synchronized their vertical migrations with the tides and had a relative shallow distribution were influenced by a positive current and consequently a large net onshore flux (Fig. 11) . Postlarvae, the shallowest dwellers of the 3 planktonic stages that migrate up and down in phase with the tide, experience the largest net onshore flux. This transport mechanism, which uses differential intensity of tidal currents along a vertical shear gradient, is considered a generalization of the STST hypothesis (Queiroga & Blanton 2005) . Migrations during flood tides previously have been identified in postlarval penaeid shrimps, as well as in megalopae and juvenile crabs, and postlarval and juvenile estuarine fishes, during estuarine upstream migrations (for review see Forward & Tankersley 2001) . There also are a few reports of crab larvae (zoeal stages) that perform migrations during flood tide, but these migrations promote retention in estuarine areas rather than a cross-shelf transport (e.g. Dittel & Epifanio 1990) .
Diurnal and semidiurnal migrations are controlled to a large degree by behavioral responses to environmental factors (light, pressure, salinity, temperature, turbulence) (e.g. Forward et al. 1984) , and responses to endogenous cycles (e.g. biological clocks or rhythms) (Forward 1989) , or both. Peaks of myses and postlarvae occurred every 12 h in the shallow thermocline at the MQ station where strong temperature, salinity and density gradients were detected (Fig. 10 ). This timing was in phase with the tidal flood and consistent with the known semidiurnal tides of the area. An active swimming behavior during flood tides has been described in laboratory experiments for pink shrimp postlarvae (Hughes 1969) as well as for several megalopae crabs (Forward et al. 1984) . Changes in water salinity (Hughes 1969 , Mair 1980 and water pressure (Rothlisberg et al. 1995) have been proposed as the environmental factors that trigger the STST behavior in penaeid shrimp postlarvae. In laboratory experiments Hughes (1969) demonstrated that pink shrimp postlarvae were active in the water column when salinity increased and dropped to the substrate when salinity decreased. However, salinity changes in Hughes' (1969) experiment were not approximate to the salinity gradients that usually occur during the changes of tides on the SWF shelf. Changes in water pressure were investigated in laboratory experiments (Vance & Pendrey 1997) and in simulations of transport for postlarval shrimps on the Gulf of Carpentaria, Australia (Rothlisberg et al. 1996 , Condie et al. 1999 . Although the response of older postlarvae to pressure was clear in laboratory experiments, a discrepancy in the timing of the behavior existed because postlarvae were more active in the ebb than the flood tide. Turbulence is another important environmental cue identified to control swimming during the STST in blue crab Callinectes sapidus megalopae (Welch & Forward 2001) . In this field study, high vertical turbulence (low Ri numbers < 0.25) was indicated at the depth of the pycnocline during the presence of internal tides, which suggests that vertical turbulence may be a possible environmental cue associated with STST behavior in penaeid larvae and postlarvae.
The importance of light in the vertical migration of pink shrimp larvae is unclear. In this study a DVM was evident for protozoeae. However, at the MQ station myses and postlarvae occurred in the water column day and night, with the highest postlarval concentration recorded at the surface during the daytime. On the other hand, at the entrance to Florida Bay, postlarvae have been collected almost exclusively during nocturnal flood tides (Criales et al. 2006) , which suggests an ecological adaptation to reduce visual predation. The daytime peak of myses and postlarvae observed at a shelf station may suggest behavioral responses to environmental variables associated with both tidal currents and internal tides. A study conducted in the northwest Pacific Ocean showed that thin zooplankton layers, features associated with internal tides, persisted through the daylight hours, dissipated during evening hours and reformed again during daylight hours in phase with the nightly diel migration (McManus et al. 2005) . These results support the hypothesis that internal tides could affect the concentrations of myses and postlarvae during the daytime. Alternatively, pink shrimp postlarvae may have an endogenous tidal rhythm modulated by environmental factors, but this hypothesis needs to be tested. The behavior of planktonic stages of pink shrimp needs to be studied further under controlled conditions to determine which factors are triggering the STST and define the effect of light on the vertical migration. Attention should be focused on testing the combined effects of light, temperature, salinity and turbulence on larval behavior.
Results from this research suggest that myses and early postlarvae migrated with a STST behavior at the MQ station on the SWF shelf at ~20 m of water depth and 100 km from Florida Bay, the main nursery ground of this species. The SWF shelf is a wide and shallow shelf dominated by tidal currents and affected by freshwater sources where planktonic pink shrimp stages may easily recognize tides (tidal currents or internal tides) by means of environmental variables. Tidal migrations have not previously been identified in migrations of decapod larvae in shelf and oceanic waters (Queiroga & Blanton 2005) , although a similar transport mechanism has been described for juveniles and adults of the holoplanktonic shrimp, Lucifer faxoni, in the northern Gulf of Mexico (Woodmansee 1966) . A longer time series would be necessary to confirm if the STST is the dominant onshore transport mechanism of pink shrimp larvae and postlarvae on the SWF shelf and clarify the effect of internal tides in the cross-shelf transport.
